ABSTRACT: This paper presents a computational study of the role played by surface diffusion on first stage sintering of powders that densify by grain-boundary diffusion.
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by showing that it is possible to find an expression for the chemical potential at the triple junction which should be used in the calculation instead of the curvature. Zhang and Gladwell 12 studied the effect of surface diffusion on sintering of particles of different sizes and showed that careful treatment of the triple junction is important when modelling the sintering process. There are many immediate and important applications of studying the effect of surface diffusion. Chu et al 13 were probably the first to highlight the effect of surface diffusion on practical sintering practice. Because surface diffusion tends to dominate over grain-boundary diffusion at lower temperatures, it may be possible to attribute, at least partially, the fast densification rates achieved by Spark Plasma Sintering (SPS) to the fast heating rate. Olevsky et al 14 developed a constitutive model considering the interplay between three mechanisms of material transport: surface diffusion, grain-boundary diffusion and power-law creep. Their model predicts that a better sinterability can be achieved by increasing the heating rate and this effect is attributed to the different shapes that the pore develops under different heating rates.
Despite all the existing understanding about the important role played by surface diffusion, the effect of surface diffusivity is often ignored in sintering models particularly in many studies of first stage sintering using the discrete element method. This is mainly due to two reasons. Firstly the problem of surface diffusion has to be solved numerically in general. It is difficult to build the numerical solution into a sintering model for powder compact made of millions of three dimensional particles. The assumption of fast surface diffusion simplifies the modelling effort considerably. However recent development of combining sintering models at continuum and particle levels 15 has made it possible to take into account of surface diffusion fully in finite element analysis of sintering at the component scale. Secondly the assumption seems plausible. The effect of surface diffusion, although well understood by many previous researchers, was buried in analytical expressions and numerical details. A simple demonstration, in particular relating to experimental data, on the effect of surface diffusion in densification dominated by grain-boundary diffusion is missing.
The purpose of this paper is to (a) present a simple and definitive case for invalidity of the assumption of fast surface diffusion for stage one sintering where densification is achieved by grain-boundary diffusion, (b) provide a straightforward understanding in why fast surface diffusion retards densification under such conditions and (c) reconfirmed the work by
Olevsky et al 14 to explain how fast heating rate favours densification. The co-sintering problem of two spherical particles is revisited using the numerical method developed by Pan and Cocks
11
. One tool used in this demonstration is to examine the relative relation between the shrinkage and neck growth as sintering proceeds. A small ratio of shrinkage over neck growth indicates that the sintering process is detrimental to densification. The ratio is zero if grain-boundary diffusion is completely prohibited. On the other hand a large ratio indicates that the sintering process favours densification. Another tool to demonstrate the effect of surface diffusion is to examine the direction of the surface diffusion flux in the vicinity of the triple junction between grain-boundary and particle surfaces. If the flux is away from the junction region, then surface diffusion is helping densification by moving atoms away and depositing them onto pore surfaces. If the flux is towards the junction region, then surface diffusion is harming the densification by moving atoms from the particle surfaces onto the junction region and reducing the driving force for further densification. These tools were available to all previous researchers who developed numerical models but have not been used to make the case for the effect of surface diffusion as far as we are aware.
II. Governing Equations and their Numerical Solution
We consider two identical and spherical particles as shown in Fig. 1 (a) which sinter by coupled surface and grain-boundary diffusion. In the figure R represents the initial radius of 
where D is the diffusivity, δ the thickness of diffusion layer, k the Boltzmann constant, T the sintering temperature and s the local coordinate along the diffusion path. On the grainboundary, the chemical potential is related to the stress σ normal to grain boundary through
where Ω is the atomic volume. Substituting Eq. (2) into Eq. (1) leads to j (3) in which an effective grain-boundary diffusivity has been introduced as (4) where D is grain-boundary diffusivity and δ is thickness of grain-boundary diffusion layer. Using matter conservation and Eq. (3), the expressions for the grain-boundary flux j and normal stress σ can be found as and σ r V r C (6) in which V represents the approaching velocity between the two particles and C is an integration constant to be determined.
On the particle surface, the chemical potential is related to the principal curvature κ through μ Ωγ κ
Substituting Eq. (7) into Eq. (1) leads to j (8) in which an effective surface diffusivity has been introduced as (9) where D is surface diffusivity and δ is thickness of diffusion layer. Matter conservation provides a relation between the surface migration velocity V and the surface diffusion flux
Away from the triple junction, Eqs. (8) and (10) can be solved using the finite difference method by Bouvard and McMeeking 10 .
The grain-boundary stress σ r , the surface tension γ and the remotely applied stress σ must satisfy mechanical equilibrium such that σ r 2 σ πa γ * 2πa * sin θ (11) At the triple junction the surface tension γ and grain-boundary tension γ must be in equilibrium which leads to cos θ .
The equilibrium dihedral angle has to be enforced when updating the profiles of the free surface at the triple junction. At the junction matter conservation requires that
Furthermore the chemical potential must be continuous from the grain-boundary to the particle surface which leads to
Mathematically the principal curvature κ is not defined at the triple junction and cannot be calculated using any finite difference scheme because of the tangential discontinuity of the free surface. However the chemical potential μ does exist at the triple junction and a nominal κ can be defined accordingly using Eq. (13).
The above set of equations contain three unknowns to be determined including V , C and κ . Pan and Cocks 11 demonstrated that these parameters can be uniquely determined using
Eqs (11), (13) and (14) together with a finite difference scheme for the surface diffusion. Pan and Cocks 11 provided a general treatment of the problem. Here some details are provided to show how their general concept can be applied to the simple problem of two particle sintering.
As shown in Fig. 1(b) , the surface flux at mid-point 1 close to the triple junction can be calculated using a finite difference version of Eq. (8), i.e. we have (15) in which κ is the principal curvature of finite difference node 1. The principal curvature κ consists of two parts with one part calculated by drawing a circle through nodes 1, 2 and the junction point and the other part from the distance between node 1 to the vertical axis z. In Eq.
(15) ΔS is the arc length between node 1 and the junction. Using r at the junction Eq. (6) becomes σ V a C
Combining Eq. (14) and (16), we have
Substituting Eq. (6) into Eq. (11) and combining Eq. (17), we have 8
Substituting Eq. (5) and (15) into Eq. (13) and noticing that r at the junction lead to V
Equating the right hand side of Eq (18) 
Then using Eq. (18) and (20) 
in which D and D are the pre-exponential coefficients for the grain-boundary and surface diffusivities respectively, Q and Q are the activation energies of grain-boundary and surface diffusion respectively and R is the gas constant. In this study the thickness of surface diffusion layer δ is taken as √Ω . Table I presents the material data used in this study which are loosely based on micron-sized alumina powders 16 . The isothermal sintering temperature is selected as 1200°C . Using the data in Table I and the sintering temperature, Eq. (22) gives 6.853 10 m s/kg.
III. Effect of surface diffusion on neck growth and shrinkage
The effective surface diffusivity was varied from 5 times to 10000 times of to explore the effect of surface diffusion. When presenting the results, the time is normalised by a characteristic time defined as / Ω 10 , which is time for the neck to reach R by grain-boundary diffusion 17 . All the simulations started from a small initial contact area of a/R=0.01. While these understandings are known from previous analytical and numerical studies, our work provides a straightforward insight into the role played by surface diffusing. Table II presents the directions of the surface diffusion flux at a point that is a small distance away from the triple junction. In these cases the applied external pressure is set as zero. The observation point is selected at a small arc length of s/R=0.06 away from the triple junction.
In the numerical analysis, the surface diffusion flux may oscillate with time. In order to obtain a stabled direction, the surface diffusion flux at the observation point was integrated over a small time period of t 10 τ . It can be seen from the Table that surface diffusion changes direction at / 50. If surface diffusion is not too fast relative to grainboundary diffusion, it helps to move atoms away from the triple junction. However if surface diffusion is about 50 times faster than grain-boundary diffusion, it moves atoms from the particle surface unto the small region near the junction. This does not mean that boundary condition (13) is violated or that surface diffusion feeds material into the grain-boundary. In the situation where surface diffusion moves atoms from the particle surface unto the junction region, grain-boundary diffusion also moves atoms from the grain-boundary unto the junction region. This result has a profound implication on our understanding for the role played by surface diffusion on the sintering process. a) a faster surface diffusion always leads to a slower shrinkage in opposite to the case for neck growth, b) the assumption of fast surface diffusion cannot be valid because a change in / always leads to a significant change in the shrinkage rate especially for free sintering, c) remote pressure always has a significant beneficial effect on neck growth.
Bouvard and McMeeking 10 reported the detrimental effect of surface diffusion on shrinkage.
Our results confirm and strengthen their conclusion using a clearer presentation. Our study also provides a straightforward explanation for this detrimental effect -the surface diffusion changes its direction as / increases. As shown in section III(1), the reversed surface diffusion blunts the triple junction and hence reduces the driving force for grain-boundary diffusion. It is important to observe from Fig. 6 that the detrimental effect of surface diffusion on densification is still significant even if a remote pressure is applied although this effect much weakened. It will be shown in the following section that the blunting effect is important even if a large pressure is applied when examining the effect of heating rate.
Figs. 7 and 8 provide the shrinkage as a function of time for / 5 and 50 under a range of remote stresses 0-100MPa. Again it is rather difficult to examine these figures because too much information is presented. These figures are provided here for completeness.
IV. Effect of heating rate on sintering kinetics
Olevsky et al 14 developed a model that predicts increasing heating rate benefits densification because a favourable pore shape develops under higher heating rate. In their model surface diffusion is treated in isolation which is a simplification that requires some validation. Here we present our study following the same argument but using a full numerical analysis. The computer simulation results are presented for sintering under increasing temperature from 600 o C to 1400 o C with different heating rates. The effective surface and grain-boundary diffusivities vary with temperature according to Eqs. (22) and (23). Table III presents the data used for D δ and Q in the simulations. Table IV presents two sets of data for D and Q used in the simulations. Data for surface diffusivity reported in the literature varies significantly. In this study two sets of different data of D and Q are used. These data are loosely based on alumina powders provided in a data book on alumina 18 and are selected here because they come from the single source. Other parameters used in the numerical study are provided in Table I . shrinkage versus neck-size as the temperature is increased from 600 o C to 1400 o C with the different heating rates. In this case, the applied pressure is set as zero and surface diffusivity of set 1 in Table IV was used. It can be observed from the figure that higher heating rate clearly benefits densification. Comparing the two extreme cases of heating rates of 2 o C /min and 200 o C /min, at any fixed value of neck-size, the fast heating rate generates much more shrinkage than the slow one. This is simply because the faster heating rate quickly passes the low temperature range where surface diffusion is much faster than grain-boundary diffusion and hence minimises the blunting effect.
One would expect that this effect of heating rate diminishes if a remote pressure is applied.
Such expectation comes from the proposition that a large remote pressure, relative to the sintering potential for free sintering (which is in the order of 1-2MPa for micron-sized powders), would dominate densification and hence the blunting effect becomes less significant. Fig. 11 shows the numerical results for 50 with all other conditions identical to the case of Fig 10. Obviously the applied pressure leads to a larger shrinkage. It is interesting to observe that heating rate effect is still very significant even for such a large pressure. The range of heating rates and high pressure in Fig. 11 covers the entire range from traditional sintering to SPS. It is therefore reasonable to argue that limiting the reverse surface diffusion and its corresponding blunting effect can at least partially explained the SPS effect reported in the literature. Fig. 12 and 13 present similar results using data set 2 of surface diffusivity in Table IV .
The same effects of heating rates are observed. However the shrinkage achieved at a fixed value of neck size is significantly reduced when comparing with Figs. 10 and 11. It can be seen from Fig. 9 that the effective surface diffusivity calculated from data set 2 is higher than that from data set 1. This faster surface diffusion rate across the temperature range has led to the significant reduction in shrinkage when comparing Fig. 12 and 13 with Fig. 10 and 11.
These results once again highlight the important role played by surface diffusion when understanding the effect of heating rate. By examining Fig 13, it can be confirmed that surface diffusion plays the significant role even when a large pressure is applied.
V. Conclusion
Our full numerical study reconfirms the following understandings that are known to the sintering literature:
 the assumption of fast surface diffusion is invalid for stage one sintering of typical ceramic powders under practical sintering conditions;
 a faster surface diffusion always leads to a slower shrinkage rate and a faster neck growth rate;
 the effect of applied pressure on neck growth can be ignored if surface diffusion is fast enough;
 high heating rate is beneficial to densification and can be explained by the role played by surface diffusion -a faster heating rate quickly passes the low temperature range where surface diffusion is fast.
This study reveals a very simple explanation for the effect of surface diffusion. Surface diffusion in the vicinity of the triple junction changes direction from moving atoms away from the junction to depositing atoms onto a small region near the junction as the rate of surface diffusion increases. The reverse surface diffusion blunts the triple junction and hence retards densification. This mechanism is significant even if a pressure, much larger than the sintering potential, is applied. The heating rates and remote pressures used in the study cover the entire range of traditional sintering and SPS. The beneficial effect of SPS can be at least partially attributed to the fast heating rates made possible by the technology.
Am. Ceram. Soc., 85 [8] 1921-1927 (2002) . Fig. 1 The sintering model used in this study (a) geometry overview and (b) local details of the contact neck. Table IV for surface diffusivity was used.
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Fig. 11
Shrinkage versus neck-size as temperature increases from 600 o C to 1400 o C with different heating rate. The applied remote pressure is 50 . Data set 1 in Table IV for surface diffusivity was used. Table IV for surface diffusivity was used. Table IV for surface diffusivity was used. Tables   Table I. Table IV for surface diffusivity was used.
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